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The primitive streak is the defining feature of the gastrulating mouse embryo. Currently, little is known in the mouse about
the mechanisms that mediate the assembly of the primitive streak or about the signaling pathways that specify the different
types of mesoderm and endoderm generated from the streak. To gain insight into primitive streak assembly and function,
we have conducted a detailed phenotypic characterization of amnionless, a transgene-induced insertional mouse mutation
that arrests embryonic development during gastrulation. Our histological and molecular analyses, when examined in the
context of the mouse gastrula fate map, lead to the model that middle streak formation is specifically impaired in the
amnionless mutant. Significantly, these observations argue that the formation of the middle streak is mediated by a pathway
that is genetically separable from those that direct the specification of the distal and proximal streak regions. Intriguingly,
our findings from wt ES cell7 amnionless2/2 blastocyst chimeras indicate that this proposed separate pathway for middle
streak formation is dependent on amnionless gene functions in the visceral endoderm. © 1998 Academic Press
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INTRODUCTION
The first differentiation event in mouse embryogenesis
occurs when the cells of the compacted morula differentiate
into trophoblast and inner cell mass (ICM) (Gilbert, 1997).
Both trophoblast and ICM proceed to differentiate and reorga-
nize so that by E6.0 the embryo has implanted and formed a
cup-shaped cylinder consisting of four cell types: parietal
endoderm, visceral endoderm, extraembryonic ectoderm, and
embryonic ectoderm. Of these, only one cell type—the em-
bryonic ectoderm or epiblast—gives rise to the entire fetus as
well as to amnion ectoderm and mesoderm, chorionic meso-
derm, and the allantois (Gardner and Rossant, 1979; Gardner
et al., 1985). Gastrulation is the remarkable process by which
this seemingly uniform group of epiblast cells proliferates,
differentiates, and rearranges to establish the basic body plan,
juxtaposing the three definitive germ layers—ectoderm, me-
soderm, and endoderm—for the further interactions required
for the onset of organogenesis.
The onset of gastrulation is marked by the appearance of
the primitive streak in the proximal–posterior region of the
E6.5 egg cylinder at the junction between the embryonic
and extraembryonic ectoderms. As the primitive streak
extends anteriorly, cells delaminate through it to produce a
layer of mesoderm cells that lies between the embryonic
ectoderm and visceral endoderm. Fate-mapping studies
demonstrate that different mesodermal/endodermal cell
types emanate from defined but overlapping domains in the
epiblast of the pre- and early gastrulation-stage mouse
embryo (Lawson et al., 1991; Parameswaran and Tam,
1995). At the start of gastrulation, the proximal portion of
the streak lies adjacent and posterior to the distal streak
region (Fig. 1A). Between the early and mid streak stages
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epiblast cells delaminating through the proximal part of the
streak move proximally and laterally to give rise to ex-
traembryonic mesoderm and germ cells (Lawson and Hage,
1994). During streak extension, as the distal streak region
physically separates from the proximal steak region, lateral
and streak epiblast cells assemble in and subsequently
move through the middle region of the streak; such epiblast
cells are destined to become lateral plate and paraxial
mesoderm (Fig. 1B). The node forms at the distal tip of the
egg cylinder, the site where the distal streak region com-
pletes its anterior movement at ;E7.5. Cells derived from
the node generate axial mesoderm (notochord precursor and
notochord) and definitive endoderm.
While the mouse gastrula fate map indicates that the
time and site of ingression of epiblast cells through the
primitive streak correlate with the type of mesoderm/
endoderm produced, the source and nature of the signals
determining this pattern of mesoderm/endoderm differen-
tiation remain largely unknown. A number of experimental
approaches are now being exploited to unravel the complex
and intersecting signaling pathways that must orchestrate
cell movement, proliferation, and differentiation during
mouse gastrulation. One approach employs heterotopic and
orthotopic cell transplantation to ask when epiblast or
mesodermal cells become committed to a cell fate, and
whether that commitment requires ingression through the
streak or cell migration (Beddington, 1981; Parameswaran
and Tam, 1995; Tam and Zhou, 1996). A second strategy
involves generating targeted null mutations in mouse ho-
mologues of genes that have conserved patterns of expres-
sion in Xenopus, chick, zebrafish, and mouse gastrulae or
that have a demonstrated functional role in dorsal–ventral
or anterior–posterior patterning of ectoderm and mesoderm
in Xenopus (e.g., Fgfr-1: Yamaguchi et al., 1994, and Deng et
al., 1994; HNF-3b: Ang and Rossant, 1994, and Weinstein et
al., 1994; Otx2: Acampora et al., 1995, and Ang et al., 1994;
Shh: Chiang et al., 1996). A third strategy, and the one
pursued in this study, is to genetically and embryologically
define gastrulation by characterizing spontaneous, irradiation-
induced, and transgene-generated insertional mutations
that produce gastrulation-stage defects (Herrmann and Kis-
pert, 1994; Holdener-Kenny et al., 1992; Conlon et al.,
1994). Significantly, this strategy has yielded a number of
genes that not only play fundamental roles during gastru-
lation, but also that had not been previously identified in
other vertebrate systems. Examples include Brachyury (T),
which plays a critical role in the ingression of nascent
mesoderm (Herrmann and Kispert, 1994), nodal, which is
FIG. 1. Fate maps of the ectoderm of the embryonic portion of wt embryos at the early streak (A) and late streak (B) stages. Adapted from
Hogan et al. (1994).
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required for the formation and maintenance of the primi-
tive streak and possibly for the establishment and mainte-
nance of the node (Conlon et al., 1994), eed, the mouse
homologue of the Drosophila Polycomb group gene extra
sex combs (esc), which is required for anterior–posterior
patterning in the fly and the mouse (Schumacher et al.,
1996), and Axin, a gene encoding a negative regulator of the
Wnt-signaling pathway that is involved in axis determina-
tion in vertebrates (Perry et al., 1995; Zeng, et al., 1997).
The subject of this report is amnionless (amn), a transgene-
induced insertional mouse mutation that arrests embryonic
development during gastrulation. This recessive mutation
was generated and initially characterized on the inbred
C57BL/6J (B6) background (Wang et al., 1996). Those stud-
ies showed that gastrulation initiates normally in the amn
mutant. However, despite the apparently normal develop-
ment of extraembryonic structures, including the chorion,
yolk sac blood islands, and allantois, the embryonic ecto-
derm of the amn mutant remains small and undifferenti-
ated and generates no amnion. In addition, although meso-
derm appears to migrate appropriately to completely
surround the epiblast, it does not become organized into
any defined embryonic structures.
Here, we report the further characterization of the amn
mutant by in situ hybridization using genes whose expres-
sion patterns serve as molecular markers for distinct sub-
sets of ectodermal and mesodermal cells in the gastrulating
mouse embryo. These histological and molecular marker
analyses have led to the conclusion that the amn mutant is
specifically impaired in the assembly of the middle streak,
the region of the primitive streak that generates paraxial
and lateral plate mesoderm. At the onset of gastrulation,
the amn mutant appropriately organizes and specifies the
proximal and distal portions of the primitive streak, and as
gastrulation proceeds, the amn mutant maintains appropri-
ate proximal and distal streak functions and exhibits mor-
phogenetic movements characteristic of streak extension.
However, no functional middle streak region is assembled.
Significantly, these findings reveal that the formation of the
middle streak is directed by a genetic pathway that is
distinct from those controlling the specification of the
distal and proximal streak regions. Furthermore, the phe-
notype of wt ES cell7 amn2/2 blastocyst chimeras argues
that the pathway for middle streak formation depends on
amn gene functions in the visceral endoderm. Future stud-
ies on the amn mutation should lead, therefore, to the
identification of components of the genetic pathway for
middle streak formation and to a deeper understanding of
the role the visceral endoderm plays in organizing and
assembling the primitive streak.
MATERIALS AND METHODS
Generation of Mice and Staging
The original transgenic line was generated on an inbred B6
background and was characterized in Wang et al. (1996). Embryos
on that background will be referred to as B6.amn. To introduce the
amn mutation onto the 129/Sv background, B6.amn males were
backcrossed for two to four generations to 129/Sv females (Jackson
Laboratory, stock No. JR002448), and the N2 to N4 progeny
intercrossed to produce the mixed background (B6 3 129).amn
embryos used in the present studies. To obtain the blastocysts used
in the chimera studies, an analogous procedure was followed to
create an N2 generation of (B6 3 CD1).amn1/2 mice for intercross-
ing. Mice were kept on a 12-h light/12-h dark cycle. Noon of the
day a vaginal plug was detected was designated E0.5. Embryos were
staged according to the criteria described in Downs and Davies
(1993) and our own observations. For reference the names of
relevant stages and key features associated with each stage are
listed in Table 1.
Histology and RNA in Situ Hybridization
For histological analyses and in situ hybridization, embryos in
their surrounding decidua were fixed overnight in 4% paraformal-
TABLE 1
Gestational age Abbreviation Hallmarks
E6.5, early streak ES Mesoderm extends ,50% down posterior side
E6.75, mid streak MS Mesoderm extends to distal tip
E7.0, late streak LS Posterior amniotic folds distinct; chorion forming; early node visible; notochord
precursors present; nodal adjacent to primitive streak
E7.5, early bud EB Mesodermal layer complete; chorion and amnion complete; small allantoic bud;
node and notochordal plate apparent; Mox-1 first seen in posterior lateral
embryonic mesoderm; twist in the allantois and nonaxial embryonic
mesoderm, with strongest expression in the anterior mesoderm; flk-1 in
proximolateral embryonic mesoderm and in all extraembryonic mesoderm
E7.75, late bud LB Larger allantoic bud
E8.0, early headfold EHF Blood islands forming; definitive node obvious with nodal only in crown;
headfolds just forming
E8.25, late headfold LHF Headfolds apparent; foregut invagination evident; heart mesoderm condensing
E8.5, early somite Chorioallantoic placenta forming; headfolds, beating heart, notochord, and
somites apparent
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dehyde in PBS. Following ethanol dehydration and clearing with
Histoclear II (National Diagnostics), tissues were embedded in
Paraplast (Fisher Scientific). Antisense probes were in vitro tran-
scribed using between 3–12 mM UTP and 2–4 mM [33P]UTP;
0.5–1 3 107 cpm were used per slide. In situ hybridization to 4- to
5-mm paraffin sections was carried out essentially as described
(Wang et al., 1996) with the exception that sections were often
treated with 1% Triton X-100 instead of proteinase K. Slides
hybridized with higher specific activity probes were exposed for
1–2 weeks; slides hybridized with lower specific activity probes
were exposed for 3–4 weeks. Probes were kindly provided by the
following investigators: Brachyury, B. G. Herrmann (Herrmann et
al., 1990); flk-1, J. Rossant (Yamaguchi et al., 1993); fgf-4, L.
Niswander (Niswander and Martin, 1992); gsc, E. De Robertis
(Blum et al., 1992); HNF-3a, J. E. Darnell (Lai et al., 1991); HNF-3b,
S. Duncan; Mox-1, C. Wright (Candia et al., 1992); nodal, E.
Robertson (Conlon et al., 1994); Otx2, J. Rossant (Ang et al., 1994);
Shh, A. McMahon (Echelard et al., 1993); sox-2, E. Robertson
(Conlon et al., 1994); Twist, R. Behringer (Shawlot and Behringer,
1995).
Genotyping Embryos
Progeny from (B6 3 129).amn1/2 intercrosses were genotyped
either as whole embryos or in histological sections. Whole embryos
were genotyped using the PCR assay described in Wang et al.
(1996). DNA from embryo sections was collected following the
protocol in Zeitlin et al. (1995) with the following exceptions.
Instead of using a greased PCR tube ring, sections were circled with
a PAP pen (Electron Microscopy Sciences) to hold the lysis buffer
over the section. The pen mark was allowed to dry for at least 1 h.
After adding 3 mL of lysis buffer to each section, slides were placed
in a humid chamber at 55°C for 1.5 h. Up to 3 mL of H2O was added
to the section, pipetted up and down, drawn up with a sequencing
gel loading pipet tip, and transferred to a microcentrifuge tube. The
volume was brought up to 10 mL and 20–30 mL 20% Chelex
(BioRad Chelex 100 resin) was added. The remaining steps of DNA
processing and of the PCR are as in Wang et al. (1996).
Generation and Analysis of Chimeras
Blastocysts recovered from (B6 3 CD1).amn1/2 intercrosses
were injected with 15 wt ES cells from the R26.1 line. This ES cell
line, which was generously provided by E. Robertson, was derived
from the ROSA26 gene trap strain (Friedrich and Soriano, 1991) and
constitutively expresses lacZ. The injected blastocysts were surgi-
cally transferred into the uteri of pseudopregnant foster mothers
and allowed to develop to E9.5 or E10.5. Reichert’s membrane
and/or yolk sac endoderm separated from yolk sac mesoderm
(Hogan et al., 1994) was genotyped as in Wang et al. (1996). The
embryos were stained overnight for lacZ expression (Tam et al.,
1997) to identify derivatives of the wt donor ES cells. Digital
images were captured with a Kodak EOS-DCS5 camera attached to
a Zeiss Axiophot microscope. Embryos were fixed in 4% parafor-
maldehyde for 1 h at room temperature, transferred to 1% agarose
in 4% paraformaldehyde heated to ;60°C, oriented and allowed to
set, fixed in 4% paraformaldehyde overnight, and then dehydrated
and embedded following the procedure described above.
RESULTS
Extraembryonic but Not Embryonic Structures
Develop Well in amn Mutants
The amn mutant was generated on a B6 background by
the microinjection of a 10.4-kb human genomic CD8a
construct (Wang et al., 1996). This line will subsequently be
referred to as B6.amn. To distinguish defining phenotypic
features of the amn mutation from possible background
modifier effects (Threadgill et al., 1995; Sibilia and Wagner,
1995), the amn mutation was crossed into a second genetic
background, 129/Sv. Embryos derived from intercrosses
between N2 and N4 (B6 3 129).amn1/2 animals were used
in the subsequent analyses and it was found that the
phenotype remained largely consistent across the N2 to N4
generations.
Although at E8.5 B6 3 129.amn mutants exhibit a more
robust development than their B6.amn counterparts, both
normal and abnormal structures were found to be strikingly
similar among amn mutants on both backgrounds (Figs. 2B
and 2C, respectively). As described previously in Wang et
al. (1996), E8.5 B6.amn mutants have fairly well-developed
extraembryonic structures (Fig. 2B), equivalent to those
found in LB (;E7.75; see Table 1 for embryonic stage
abbreviations) wt embryos. E8.5 (B6 3 129).amn mutants
display even better-developed extraembryonic structures,
which appear to be in pace with those of headfold-stage
(;E8–E8.5) wt embryos. A wt EHF embryo is shown in Fig.
2A for comparison. In the (B6 3 129).amn mutant, blood
islands are visible (Fig. 2C), the chorion has lifted to form
part of the chorioallantoic placenta and the allantois has
fused with the chorion. (This latter feature is apparent in
other sections of the same embryo shown in Fig. 2C, as well
as in sections of different E8.5 (B6 3 129).amn embryos.) An
amnion was never observed in B6.amn mutants; the amni-
otic cavity appeared to be formed by the epithelial embry-
onic ectoderm closing off on itself, hence the name, am-
nionless. Interestingly, the amnion is well-developed in
(B6 3 129).amn mutants. In fact, it is proportionate in size
to the extraembryonic region. This structure consists of
two cell layers, the proximal layer deriving from extraem-
bryonic mesoderm and the distal layer from proximoante-
rior embryonic ectoderm (Gardner, 1983; Lawson et al.,
1991). Thus, the extent of extraembryonic development on
both backgrounds indicates that the extraembryonic region
can thrive independently of the amn gene product. The lack
of an amnion on the B6 background might be a result of
limiting epiblast and reduced proximal streak derivatives in
this strain. Consistent with this view are our recent studies
documenting that of four strains examined, only the B6
strain exhibits a high level of apoptotic cell death in the
epiblast of E5–5.5 stage embryos (Manova et al., 1998).
In stark contrast to the development of the extraembry-
onic region, the embryonic ectoderm of the E8.5 mutant
remains the size of that of a prestreak embryo and appears
undifferentiated on both backgrounds. In addition, a defini-
tive node (Bellomo et al., 1996), which is normally visible
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by the LB–EHF stage, is morphologically absent in E8.5
mutants from both the B6 and (B6 3 129) backgrounds. The
definitive node is a bilaminar structure with a dorsal layer
that is continuous with adjacent embryonic ectoderm, and
a ventral layer that is organized into a unique structure
consisting of a crown and a pit. The crown surrounds the pit
in a horseshoe-shaped pattern and expresses nodal (Zhou et
al., 1993; Conlon et al., 1994). Although such a distinct
structure was not visible in E8.5 mutants of either back-
ground, the (B6 3 129).amn mutants appeared to have a
group of cells located ventral to the ectoderm in the distal
anterior region of the embryo that, unlike neighboring
mesenchyme and squamous endoderm, were more epithe-
lial in shape in sagittal sections (Figs. 2C and 2D). With the
exception of this distal anterior structure, overall develop-
ment of the embryonic region on both backgrounds looked
quite similar. Thus, our histological findings, when placed
in the context of early and late streak fate maps, suggest
that E8.5 amn mutants contain appropriately specified
proximal streak derivatives but impaired distal streak func-
tions. To test this working model and to determine more
precisely the particular aspects of streak formation/
function and ectoderm differentiation that are affected in
the amn mutant, we performed marker gene expression
studies.
Marker Gene Expression Studies
Molecular marker studies were performed initially on the
B6 background. Once our histological analysis indicated
that the defining characteristics of the mutant were the
same on both the B6 and (B6 3 129) backgrounds, but that
the differences between normal and abnormal structures
were even more pronounced in the (B6 3 129) mutants,
marker studies were pursued on the latter background as
well. In the following description of our results, the figure
legends specify whether a mutant is from the B6.amn or the
(B6 3 129).amn line. However, in the text, they are often
grouped together unless a difference in expression pattern
was noted.
amn mutants generate nascent mesoderm. Brachyury
(T) expression serves as a general marker for streak-derived
mesoderm and axial mesoderm. At the onset of gastrulation
in normal embryos, T transcripts are present in primitive
streak ectoderm adjacent to the streak and in newly formed
mesoderm. Expression is maintained throughout the length
of the streak during gastrulation but not in mesoderm cells
that have migrated away from the streak (Figs. 3A and 3B).
At E7.5 T is also detected in the axial mesoderm of the node
and in the notochord precursor that extends anteriorly from
the node (Wilkinson et al., 1990; Herrmann, 1991). Consis-
FIG. 2. amn mutants have striking morphological similarities on different backgrounds. Paraffin sections (4–8 mm) of embryos
counterstained with hematoxylin and eosin. Posterior is to the right. (A) Mid-sagittal section of an early headfold (EHF) stage normal B6
embryo. (B) Mid-sagittal section of an E8.5 B6.amn mutant embryo. The extraembryonic region is well-developed with a chorion, blood
islands, and an allantois (not seen in this section). (C) Oblique sagittal section of an E8.5 (B6 3 129).amn mutant embryo. The
extraembryonic region is even better developed on this background, with a chorion that has lifted to form part of the chorioallantoic
placenta, blood islands, and an allantois that has fused with the chorion (not seen in this section). (D) Higher magnification view of the
distal region of the embryo in C. The arrows in C and D point to a group of cells in the anterior distal region that appear to be organizing
into a node-like structure. A–C photographed at 1003 and D at 4003, original magnification.
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FIG. 3. The pattern and timing of Brachyury (T) and flk-1 expression suggest normal mesoderm formation and proximal streak function
in amn mutant embryos. Sections of embryos hybridized to a Brachyury RNA probe (B,D,F) and a flk-1 probe (H,J,L) with posterior to the
right. (A,C,E,G,I) Nomarski photographs. (B,D,F,H,J,L) Dark-field photographs. (A and B) Sagittal section of a late streak (LS) stage normal
B6 embryo showing expression in the primitive streak and midline mesoderm extending to the distal tip of the embryo. (C and D)
Mid-sagittal section of an early streak (ES) stage ;E7.0 B6.amn mutant with T expression in the primitive streak and newly formed
mesoderm emerging from the streak. (E and F) Cross section through the distal 1/3 of the embryonic region of an E8.5 B6.amn mutant
showing expression in the primitive streak and midline mesoderm. Expression extends anterior to the distal tip (*), suggesting that
notochord precursors are present. (G and H) Mid-sagittal section of a LS normal B6 embryo showing flk-1 expression in proximal mesoderm
extending part way into the embryonic and extraembryonic regions. (I and J) Frontal section of an E8.5 B6.amn mutant showing flk-1
expression in mesoderm extending into the extraembryonic and embryonic regions. Expression on the posterior side in the embryonic
region extends further distally than in normal EB embryos in which expression in the embryonic region is confined to a narrow strip of
proximolateral mesoderm (data not shown). (K and L) Sagittal section of a late E8.5 (B6 3 129).amn mutant showing a similar pattern of
expression to the mutant shown in J. All photographs at 2003, original magnification.
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tent with apparently normal primitive streak formation and
mesoderm generation in the amn mutant, T transcripts
were detected as soon as the primitive streak was visible
(Figs. 3C and 3D). By E8.5, expression was along the entire
length of the streak, including a region extending anteriorly
from the distal streak (Figs. 3E and 3F), suggesting that axial
notochord precursor cells are also present in mutants.
Furthermore, T expression was appropriately down-
regulated in mesodermal cells that had migrated away from
the midline (Figs. 3E and 3F). Thus, primitive streak forma-
tion and general mesoderm formation appear normal in
amn mutants.
Proximal streak functions are intact. The expression of
flk-1, a receptor tyrosine kinase, serves as a marker for
mesoderm cells specified by the proximal portion of the
primitive streak. In normal embryos, flk-1 transcripts are
first detected at the LS stage and are located in the nascent
mesoderm of the posterior primitive streak, including me-
soderm of the future yolk sac as well as proximolateral
mesoderm (Figs. 3G and 3H; Yamaguchi et al., 1993; Du-
mont et al., 1995; Breier et al., 1995), a tissue fated to
contribute to heart (Tam and Beddington, 1992). By the
headfold stage, expression is confined in the embryonic
portion to a narrower strip of proximolateral mesoderm and
also extends to newly formed proximal streak derivatives,
such as the blood islands and allantois. As shown in Figs.
3I–3L, flk-1 is appropriately expressed in proximal streak-
derived mesoderm cells in E8.5 amn mutants. Of note,
however, is the finding that the domain of flk-1 expression
is expanded distally compared to that in normal embryos. In
fact flk-1 transcripts are found in all but the most distal
mesoderm cells in the mutant E8.5 embryo. These data are
consistent with the view that proximal streak functions are
intact in amn; they also provided the first clue that the full
assembly of the primitive streak might be defective.
The distal streak is present. To assess the integrity of
the distal streak, the distributions of gsc and HNF-3b
transcripts were examined in MS and LS/EB stage amn
mutants. In normal embryos at the prestreak stage (E6.25–
E6.4), gsc transcripts are found in the proximal–posterior
region of the embryonic ectoderm where the primitive
streak will subsequently form (Blum et al., 1992) and in the
squamous visceral endoderm (Conlon et al., 1994). During
streak formation and elongation between E6.5 and E7.5, gsc
expression remains localized to the distal region of the
streak and to the visceral endoderm (Figs. 4A and 4B). Once
the streak reaches the distal tip of the egg cylinder, gsc
transcripts are detected only in the node and in the axial
mesoderm extending anteriorly from the node (Faust et al.,
1995). In amn mutants, gsc transcripts are appropriately
located not only in visceral endoderm, but also in the distal
streak at the MS stage (Figs. 4C and 4D). By E8.5, gsc
expression is distinctly localized to a small group of cells in
the distal tip of the mutant embryo, in the region where the
node is predicted to reside (Figs. 4E and 4F).
In normal embryos HNF-3b transcripts are first detected
at the ES stage at the anterior end of the streak (Ang et al.,
1993), in a slightly broader pattern than that observed for
gsc (Filosa et al., 1997). Like gsc, HNF-3b is also expressed
in visceral endoderm. By the LS stage, HNF-3b is expressed
in both layers of the node and in the notochord precursor
forming anterior to the node (Fig. 4G-H; Ang et al., 1993;
Monaghan et al., 1993; Ruiz i Altaba et al., 1993; Sasaki and
Hogan, 1993). In amn mutants, HNF-3b is expressed in the
anterior region of the streak as it moves toward the distal
tip (Figs. 4I and 4J). Allantoic bud stage E8.5 mutants show
strong localization of HNF-3b to the distal tip of the embryo
as well as to endoderm (Figs. 4K and 4L). Thus, based on gsc
and HNF-3b expression, amn mutants appear to be able to
specify or organize distal streak cells. This conclusion was
reinforced by in situ hybridizations with Fgf-4, another
marker for the distal streak region (Niswander and Martin,
1992). Fgf-4 transcripts are detected in amn mutant em-
bryos at E7.5 and E8.5 and they are appropriately localized
to the distal streak region (data not shown).
Node derivatives such as notochord and definitive
endoderm are present in mutants. The appropriate ex-
pression of gsc and HNF-3b in the anteriormost portion of
the elongating primitive streak and in the distal tip of the
allantoic bud stage embryo suggested that some node orga-
nizer activity might be present in the amn mutants, despite
the absence of a definitive node. As described above, T
transcripts were detected in a region anterior to the distal
tip of the E8.5 mutant embryo, a location consistent with
the presence of notochord precursor. To further evaluate
the extent to which node derivatives, such as notochord and
definitive endoderm, have differentiated, Shh, HNF-3b, and
HNF-3a were used as markers on alternate sections of
FIG. 4. The distal streak is present and moves normally to the distal tip as gastrulation proceeds. (A–F) Hybridizations to a gsc RNA
probe. (A and B) Oblique sagittal section through an ES–MS normal B6 embryo showing expression in the primitive streak and visceral
endoderm. (C and D) Mid-sagittal section of a MS B6.amn mutant showing expression in the primitive streak and visceral endoderm.
(E and F) Frontal section through an E8.5 B6.amn mutant showing expression in the visceral endoderm and very localized expression
in the distal tip. (G–L) Hybridizations to an Hnf-3b RNA probe. (G and H) Mid-sagittal section of an EB normal B6 embryo showing
expression in the node, notochordal plate, definitive endoderm, and, weakly, in the visceral endoderm. (I and J) Mid-sagittal section
through a LS B6.amn mutant showing expression in the distal streak. There is also expression in the visceral endoderm, although very
weak in this section. (K and L) Oblique sagittal section through an E8.5 B6.amn mutant showing strong localized expression in the
distal tip of the embryo, as well as expression in both visceral and definitive endoderm. All photographs at 2003, original
magnification.
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mutant embryos from both the B6 and (129 3 B6) back-
grounds.
The phenotype of the HNF-3b gene knockout (Ang and
Rossant, 1994; Weinstein et al., 1994) combined with
HNF-3b’s highly restricted pattern of transcription demon-
strates that it is a key participant in node and notochord
formation as well as a marker for the node and its deriva-
tives. In normal embryos at the EB stage, HNF-3b tran-
scripts are in node, notochord precursor, and definitive
endoderm (Ang et al., 1993; Monaghan et al., 1993; Sasaki
and Hogan, 1993). By the EHF stage, expression extends to
the neural plate, as well as to the notochord, and underlying
midline endoderm. Shh expression is turned on after that of
HNF-3b and is first observed at the EB stage exclusively in
the notochord precursor/head process. Only later, at the
LHF stage, does expression turn on in the node as well and
thus in a pattern that overlaps that of HNF-3b (Echelard et
al., 1993).
In the experiment depicted in Fig. 5, alternate frontal
sections of a single E8.5 allantoic bud stage (B6 3 129).amn
mutant were hybridized to either an HNF-3b or Shh probe.
Figures 5A and 5B show a section cut just anterior to the
distal tip of the embryo. In this section, Shh expression is
found in the presumptive notochord precursor that lies
FIG. 5. A node-like region and node derivatives such as notochord and definitive endoderm are present in mutant embryos. Sections
through the same E8.5 (B6 3 129).amn mutant oriented frontally hybridized to a Shh (A,B,E,F) or Hnf-3b RNA probe (C,D,G,H). (A–D)
Alternate sections cut just anterior to the distal tip. (E–H) Alternate sections cut through the distal tip. (E–H) The strong localization of
Hnf-3b but not of Shh to the distal tip of the embryo suggests the presence of node cells. (A–D) The expression of Hnf-3b and Shh anterior
to the node indicates the presence of a notochord. The broader pattern of Hnf-3b indicates the presence of definitive endoderm. (I) Frontal
section of only the distalmost portion of the embryo, cut just anterior to the distal tip and adjacent to the ones in A and C, showing a
relatively large tube-like structure ventral to the ectoderm. Its morphology combined with expression of Hnf-3b and Shh indicates that it
is a notochord. (J) Mid-sagittal section of a late E8.5 (B6 3 129).amn mutant. (K) Dark-field image of the section in J showing the expression
of Hnf-3a. The presence of Hnf-3a transcripts in the epithelial-like structure ventral to the ectoderm and extending anteriorly from the
distal tip confirms that it is in fact a notochord. White arrow points to the notochord. Black arrow points to the putative foregut
invagination. A–H at 2003, I at 10003, J and K at 4003, original magnification.
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anterior to the node-like region. The section in Figs. 5C and
5D lies adjacent to that in Figs. 5A and 5B and was
hybridized to HNF-3b. HNF-3b transcripts were found in
the notochord precursor, as well as in a broader pattern,
indicative of expression in definitive endoderm cells. The
section in Figs. 5E and 5F was cut through the distal tip and
shows no Shh transcripts in the node-like region, an appro-
priate pattern of expression for allantoic bud stage embryos.
The section adjacent to Figs. 5E and 5F, 5G and 5H,
demonstrates that HNF-3b is appropriately expressed in
both layers of the node-like region. Thus, based on HNF-3b
and Shh expression, the amn mutant has the ability to
generate one of the node products, notochord precursor. In
fact, a higher magnification photograph (Fig. 5I) of a section
adjacent to the one in Figs. 5C and 5D reveals that the
HNF-3b- and Shh-expressing cells in the anterior distal
region of the embryo are apparently assembling into a
tube-like structure, suggesting the formation of a noto-
chord.
Although the expression of HNF-3a initiates about half a
day later than that of HNF-3b and is weaker (Ang et al.,
1993; Monaghan et al., 1993), it also serves as a marker for
notochord and definitive endoderm. Figures 5J and 5K are a
high magnification view of an oblique sagittal section
through another E8.5 (B6 3 129).amn mutant. An exami-
nation of the distal anterior region of this embryo reveals
the presence of an organized structure, containing cells
that, in contrast to the adjacent mesenchyme, are epithelial
in shape. The cells in this structure reside ventral to the
embryonic ectoderm and in a region that extends anteriorly
from the distal tip. Significantly, these cells express
HNF-3a (Fig. 5K). The morphology of this structure in both
frontal (Fig. 5I) and sagittal (Figs. 5J and 5K) sections,
combined with the observation that it expresses HNF-3b,
Shh, and HNF-3a, indicate that this structure is in fact a
notochord. Furthermore, these findings argue that the dif-
ferentiation of notochord precursor into definitive noto-
chord occurs at approximately the same gestational age in
both amn mutants and their normal littermates.
The B6.amn E8.5 mutants also express HNF-3b in the
distal tip of the allantoic bud-stage embryo. However, these
mutants do not express Shh, indicating that they do not
develop as far as the (B6 3 129).amn mutants. However,
both types of mutants show evidence for the generation of
definitive endoderm, based on HNF-3b and HNF-3a expres-
sion.
Mutants are delayed in down-regulating Otx2, sox-2,
and nodal on the posterior side. In situ hybridization
analyses of gsc, Shh, HNF-3b, and HNF-3a demonstrated
that amn mutants possess early node functions. To ask if a
definitive node subsequently forms in amn mutants, the
pattern of nodal transcripts was examined in ES to LS
embryos. nodal, which encodes a member of the TGF-b
family of secreted growth factors (Zhou et al., 1993), is first
expressed at E5.5 throughout the epiblast (Conlon et al.,
1994). During the PS to ES stages, nodal transcripts become
localized to the proximal epiblast and visceral endoderm; as
streak formation and movement continue, nodal expres-
sion becomes limited to the posterior embryonic ectoderm
adjacent to nascent streak-derived mesoderm. By the HF
stage, nodal expression in the posterior ectoderm has been
down-regulated and expression is now located exclusively
in the cells of the crown that surrounds the definitive node
(Zhou et al., 1993; Conlon et al., 1994; Collignon et al.,
1996). ES amn mutants show normal expression of nodal
throughout the proximal region of the epiblast (Figs. 6C and
6D). Whereas an E7.5 normal EB embryo already shows
expression of nodal exclusively in the node (Figs. 6A and
6B), E8.5 mutants on both the B6 and (B6 3 129) back-
grounds show a pattern of nodal expression characteristic of
a MS–LS normal embryo (Figs. 6E–6H). That is, expression
is in the ectoderm and visceral endoderm adjacent to the
primitive streak. Thus, the nodal staining provides no
evidence for a definitive node in E8.5 mutants.
As described above, the pattern of nodal expression is
continually changing in the ectoderm layer during primi-
tive streak elongation in the normal embryo. Thus, the
distribution of nodal transcripts at any given time point can
be used as an indicator of the developmental age of the
embryonic ectoderm. If the pattern of nodal expression is
used to stage the ectoderm layer of the amn mutant, a
striking asynchrony is revealed between the development
of the proximal and distal streak regions and that of the
embryonic ectoderm. The development of the embryonic
ectoderm appears delayed by at least 1.5 days. For example,
the (B6 3 129).amn mutant shown in Figs. 6G and 6H has a
morphologically distinguishable notochord and a well-
formed extraembryonic region, both characteristics of a
LHF–early somite (E8.5) embryo; yet, based on the distri-
bution of nodal transcripts, the embryonic ectoderm has
only reached the MS-LS (E7.0) stage (see Table 1).
The results with nodal proved consistent with our results
using two other markers for the anterior–posterior differen-
tiation state of the embryonic ectoderm, Otx2 and sox-2.
Otx2 expression is normally found throughout the epiblast
of the prestreak embryo and in the delaminating mesoderm
of the ES embryo (Fig. 6K; Ang et al., 1994). Between the ES
and EB stages, however, Otx2 expression becomes gradually
limited to the anterior half of the embryo. By the headfold
stage, Otx2 transcripts are detected only in the anterior-
most third of the embryo, in all three germ layers (Figs. 6L
and 6M). Like Otx2, sox-2 is expressed throughout the
epiblast of the prestreak embryo; its expression becomes
progressively confined to anterior ectoderm and chorion
(Figs. 6I and 6J). By the LS/HF stage, sox-2 transcripts are
detected solely in neural plate and chorion (Conlon et al.,
1994).
In normal ES–MS embryos, we find sox-2 expression
beginning in the chorionic ectoderm and already starting to
down-regulate on the posterior side (Figs. 6I and 6J). How-
ever, MS mutants show no evidence for down-regulation in
the posterior embryonic ectoderm, although expression is
strong in the forming chorionic ectoderm (Figs. 6N and 6O),
another indication that development of the extraembryonic
43Middle Primitive Streak Defects in amn
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
44 Tomihara-Newberger et al.
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
region is normal relative to wt but ahead of that of the
embryonic region. Further evidence for delayed down-
regulation is seen in E8.5 B6.amn mutants, which show a
pattern of sox-2 and Otx2 expression in the embryonic
ectoderm (Figs. 6Q–6S) that is analogous to that observed in
an ES (E7.0) normal embryo. In a more advanced E8.5 (B6 3
129).amn mutant (Figs. 6T and 6U), there is partial down-
regulation of Otx2 to the anterior side. However, in con-
trast to the normal embryo, which loses Otx2 expression
from its posterior and distal regions before the node forms,
such amn mutants appropriately lack Otx2 expression from
the distal presumptive node region, while, inappropriately,
maintaining some Otx2 expression on the posterior side.
Thus, the combined results from the nodal, sox-2, and Otx2
in situ hybridizations on the amn mutant indicate that the
differentiation of the embryonic ectoderm is developmen-
tally delayed compared to that of the proximal and distal
streak derivatives.
E8.5 mutants do not express the embryonic mesoderm
markers Twist and Mox-1. Mesodermal cells residing
lateral to the midline are specified by regions of the streak
that fate map between the proximal and distal portions of
the streak (Lawson et al., 1991). These regions will be
referred to here as the middle streak. To assess middle
streak functions in the amn mutant, the expression of two
markers of nonaxial embryonic mesoderm, Twist and
Mox-1, were examined.
In our in situ hybridization analyses, Twist expression
was found to come on as early as the MS–LS stage and, at
that time, to be localized to all the mesoderm cells of the
embryonic region (Figs. 7A and 7B). Subsequently, in EB
normal embryos, Twist transcripts are localized in the
extraembryonic mesoderm of the allantois and in anterio-
lateral embryonic mesoderm underlying the head folds
(Figs. 7C and 7D; Ang and Rossant, 1994; Fu¨chtbauer, 1995).
At this stage, Twist transcripts are not present in the
primitive streak or in cells adjacent to the streak. Later,
Twist expression is also observed in head mesoderm and in
somites. Mox-1 is a homeobox-containing gene that is
expressed at E7.5, the EB stage, in posterior paraxial meso-
derm and to a lesser extent in lateral mesoderm (Figs. 7I and
7J; Candia et al., 1992).
Twist and Mox-1 transcripts are not detected in the
embryonic mesoderm of E8.5 allantoic bud-stage mutants
(Figs. 7E, 7F, 7K, and 7L). However, consistent with normal
proximal streak functions in mutant embryos, Twist tran-
scripts are found in the allantois. In a more advanced E8.5
mutant, Twist expression was also seen in mesoderm
arising from the primitive streak, more similar to the
pattern we observe in MS–LS normal embryos, although the
expression levels were lower in the mutant (Figs. 7G and
7H). It is not known whether the Twist-expressing nonaxial
anterior mesoderm cells of the normal LB embryo derive
directly from the Twist-expressing cells in the primitive
streak of the MS–LS embryos or whether these Twist-
expressing cells represent two distinct mesodermal popula-
tions (Fu¨chtbauer, 1995). Nonetheless, the largely absent
expression of Twist, as well as of Mox-1 (Figs. 7K and 7L), in
amn mutants indicates either that paraxial and lateral
mesoderm are not generated or that their generation is
greatly delayed.
Mutants Surviving to E10.5 Are Characterized by a
Shortened Trunk
Because B6.amn mutants did not display further embryonic
development at E9.5 and are resorbed by E10.5 (Wang et al.,
1996), we concentrated most of the analysis reported here on
embryos collected prior to E9.5 on both the B6 and B6 3 129
backgrounds. However, we subsequently found that some
(B6 3 129).amn mutants continue development to E10.5, with
resorption obvious at E11.5. Interestingly, these mutants de-
velop distinct headfolds, a beating heart, and a foregut invagi-
nation, similar to E8.5 normal embryos (Fig. 8A). However,
they differ from normal E8.5 embryos in that there are no
somites and the trunk is severely shortened (Fig. 8B). Exami-
nation of histological sections confirms the presence of head-
folds containing cranial mesenchyme (Figs. 8C and 8D), of a
heart with myocardium and endocardium, of foregut as well
as hindgut endoderm, and of the onset of vasculogenesis. In
the shortened trunk region axial structures are readily identi-
fiable, such as a notochord and a neural tube that has begun to
close (Figs. 8C and 8F). However, there is barely any meso-
derm adjacent to these two structures and no somites (Figs. 8C
FIG. 6. Mutants are delayed in down-regulating nodal, Otx2, and sox-2, in the embryonic ectoderm. (A and B) Frontal section of an EB
normal embryo showing nodal expression only in the node. (C and D) ES B6.amn mutant showing nodal expression in embryonic visceral
endoderm and in the proximal epiblast. (E and F) Cross section through an E8.5 B6.amn mutant showing nodal expression in the primitive
streak and adjacent visceral endoderm. (G and H) Oblique sagittal section through an E8.5 (B6 3 129).amn mutant showing that nodal
expression is maintained in the primitive streak even though this embryo already has a presumptive notochord (not shown). (I–K) Alternate
oblique sagittal sections through a normal ES–MS embryo. (J) sox-2 expression is in the embryonic ectoderm and the prechorionic ectoderm
and is already decreasing on the posterior side of the embryo. (K) Otx2 expression is still high throughout the entire embryonic portion. (L
and M) Mid-sagittal section through an EB normal embryo showing down-regulation and restriction of Otx2 expression to the anterior 2/3
of the embryo in all three germ layers. (N–P) Alternate sections through an ES–MS mutant. (N and O) sox-2 is expressed throughout the
embryonic ectoderm and prechorionic ectoderm. (P) Otx2 is expressed throughout the epiblast and visceral endoderm. (Q–S) Alternate
sections through an E8.5 B6.amn mutant. sox-2 (Q and R) and Otx2 (S) are not down-regulated in the mutants at this stage. (T and U)
Oblique sagittal section of an E8.5 (B6 3 129).amn mutant showing partial down-regulation of Otx2 to the anterior side. Note the lack of
expression in the node while there is still expression on the posterior side, a pattern not seen in normal embryos.
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and 8F). Interestingly, ongoing primitive streak activity is
revealed by the presence of nascent mesoderm at the very
posterior end of the embryonic region at the base of the
allantois (Figs. 8D and 8E). Given that epiblast cells are
continually recruited into the proximal and distal streak
regions, even after middle streak assembly (Beddington, 1982;
Tam and Beddington, 1987, 1992; Tam, 1989), these proximal
mesoderm cells most likely give rise to extraembryonic me-
soderm. In fact, the yolk sac and placenta of the E10.5 amn
mutant are comparable at least to E9.5 wt embryos (data not
shown). Significantly, the shortened trunk and lack of somites
in E10.5 mutants are consistent with the lack of Twist and
Mox-1 expression in E8.5 LB mutants, and confirm the ab-
sence of middle streak derivatives.
Chimera Analysis Indicates a Requirement for amn
in Visceral Endoderm
To ask whether wt epiblast cells can rescue the amn
phenotype, chimeras were generated by injecting wt
lacZ-expressing R26.1 ES cells into blastocysts derived
from (B6 3 CD1).amn1/2 intercrosses. Most likely due
to the genetic heterogeneity of the CD1 outbred strain, a
previous histological examination of gastrulation-stage
embryos from (B6 3 CD1).amn1/2 intercrosses found
that the mutant phenotype was more variable in the
CD1 strain than in the B6 and (B6 3 129) strains.
However, the phenotype on the CD1 background did
remain within the range of phenotypes seen on the less
well-developed B6 and more well-developed (B6 3 129)
backgrounds.
In ES cell 7 blastocyst chimeras, the donor ES cells can
contribute to all derivatives of the epiblast, but they do not
generally colonize the visceral endoderm and extraembry-
onic ectoderm (Beddington and Robertson, 1989; Varlet et
al., 1997). The wt lacZ-expressing R26.1 donor ES cells used
in these experiments were found to be fully competent, as
they contributed to all derivatives of the embryonic ecto-
derm in chimeras resulting from the injection of 1/1 and
1/2 blastocysts (Fig. 9C). Fifty-three chimeras were iden-
tified based on b-galactosidase staining, and 10 of these
exhibited the amn mutant phenotype at E9.5–10.5. Of these
FIG. 7. Mutants do not express non-midline mesoderm markers such as Twist and Mox-1 at E8.5. (A and B) Mid-sagittal section
through a LS normal embryo showing Twist expression in the mesoderm adjacent to the primitive streak as well as in mesoderm that
has migrated to the anterior side. Expression extends to all mesoderm in the embryonic region at this stage. (C and D) Parasagittal
section through an EB normal embryo showing Twist expression in nonaxial anterior mesoderm as well as in the allantois. (E and F)
Frontal section cut through the anterior portion of an E8.5 (B6 3 129).amn mutant showing lack of Twist expression. This embryo
had Twist expression in the allantois. (G and H) Oblique sagittal section of a more advanced E8.5 (B6 3 129).amn mutant showing
expression in the allantois and some expression in posterior mesoderm. (I and J) Parasagittal section through an EB normal embryo
showing Mox-1 expression in posterior nonaxial mesoderm. (K and L) Frontal section cut through the posterior portion of an E8.5 (B6 3
129).amn mutant showing lack of Mox-1 expression.
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10 chimeras, 8 were definitively identified as amn2/2 by
PCR (the PCR on Reichert’s membrane for the other two
was unsuccessful). Three had 100% contribution from the
donor ES cell line to the epiblast and its derivatives, 6 had
80%, and 1 had 50%. As shown in Fig. 9, in no case did we
observe rescue of the amn phenotype, even in embryos in
which the contribution of donor ES cells to epiblast deriva-
tives was close to 100%. In addition, of the morphologically
normal chimeras that were genotyped, none were found to
result from the injection of amn2/2 blastocysts. These
findings point to a requirement for the amn gene product in
the visceral endoderm and/or extraembryonic ectoderm.
Because the visceral endoderm is the one extraembryonic
tissue that remains closely juxtaposed to the embryonic
ectoderm precursors to the middle streak during gastrula-
tion, the visceral endoderm is the more likely candidate for
the extraembryonic site of action of amn.
DISCUSSION
The amn Mutant Is Defective in Generating
Middle Streak Derivatives
A number of conclusions can be drawn from our
histological and marker expression analyses. (See the
schematic diagram of a LB wt embryo in Fig. 10A for a
FIG. 8. E10.5 (B6 3 129).amn mutant embryos are distinguished by a shortened trunk and no somites. (A) Lateral view of a normal E8.5
embryo with extraembryonic tissues removed. (B) Lateral view of a mutant E10.5 embryo with most of the extraembryonic tissues removed.
Note the headfolds, large heart, and shortened trunk. (C and D) 5-mm sections through another mutant E10.5 embryo. Approximate planes
of section are shown by the black lines in B. (E) Higher magnification view of the posterior embryonic region marked by a box in D. (F)
Higher magnification view of the posterior region marked by a box in C. The *’s mark the region where somites should reside. All, allantois;
Hf, headfolds; hg, hindgut; Ht, heart; noto, notochord; nt, neural tube, Som, somites.
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summary of the expression patterns of the markers
referenced below.) (1) The proximal region of the streak is
properly organized and specified in the amn mutant,
leading to the expression of flk-1 and the generation of
the mesodermal component of such extraembryonic
structures as allantois, amnion, and yolk sac blood is-
lands. (2) Based on the normal patterns of expression of
gsc, HNF-3b, HNF-3a, Shh, and Fgf-4 and the presence of
notochord and gut endoderm in E10.5 amn mutants, the
distal region of the primitive streak is properly organized
and specified for early node function. (3) The middle
region of the primitive streak is not appropriately as-
sembled and, in fact, appears absent. The evidence for
this conclusion is the lack of Mox-1-expressing paraxial
mesoderm and of Twist-expressing anterior–lateral meso-
derm. Furthermore, the domain of flk-1 expression inap-
propriately extends along the entire length of the poste-
rior side of the embryo, up to the distal streak region. An
evaluation of these data in the context of the mouse
gastrula fate map argues that the primitive streak is
assembled in at least two steps and that these steps are
genetically separable. First, the proximal and distal por-
tions of the streak are assembled and specified adjacent to
each other at the posterior proximal region of the epiblast
(Fig. 10B). In amn mutants this process occurs normally.
Second, as distal streak cells/activities physically sepa-
rate from proximal streak cells/activities, lateral and
streak ectoderm cells move in to assemble the middle
portion of the streak (Fig. 10C). amn mutants do not
generate the middle portion (Fig. 10D), an observation
that leads us to conclude that amn mutants are specifi-
cally defective in the formation and specification of the
middle streak, the region of the primitive streak that
gives rise to paraxial and lateral mesoderm (Beddington,
1981; Beddington, 1982; Tam and Beddington, 1987; Tam,
1989; Lawson et al., 1991; Lawson and Pedersen, 1992).
The Absence of the Middle Streak Is Not Due to a
General Delay in Growth and Development
A noted characteristic of amn mutants on all back-
grounds examined is the small size of the embryonic region.
Thus, one might speculate that the lack of middle streak
derivatives is a simple consequence of insufficient numbers
of epiblast cells feeding into the elongating primitive
streak. Several lines of evidence argue against this and in
favor of the view that, in amn, the generation and differen-
tiation of proximal and distal streak derivatives continues
to proceed quite normally, even after the time at which the
middle streak should have been assembled.
First, the proximal and distal streak derivatives appear at
the same gestational ages as they do in normal littermates
FIG. 9. The contribution of wt b-galactosidase positive ES cells to the epiblast and its derivatives in ES cell7 amn2/2 blastocyst chimeras
does not rescue the mutant phenotype. (A) Lateral view of an E9.5 amn2/2 chimera stained for lacZ expression. (B) Midsagittal section of
the embryo shown in A. (C) Mid-sagittal section of an E8.5 ES cell7 1/1 chimera. The blue staining indicates extensive contribution of
wt ES cells to embryonic ectoderm, embryonic and extraembryonic mesoderm, and definitive endoderm, while the visceral endoderm and
chorion are derived from amn2/2 (A and B) or 1/1 (C) cells.
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(see Figs. 2 and 5). For example, based on the state of
development of structures containing proximal streak-
generated mesoderm—the chorioallantoic placenta and the
blood islands—both normal and mutant (B6 3 129) em-
bryos reach the LB–EHF stages between E7.75 and E8.0.
Similarly, notochord and foregut invagination, both prod-
ucts of the distal streak and both characteristics of the LHF
and early somite-stage embryo (Downs and Davies, 1993),
appear between E8.25 and E8.5 in normal and mutant (B6 3
129) embryos. Generally, Twist and Mox-1 expression is
already evident in EB-stage normal embryos in, respec-
tively, anterior–lateral and posterior–paraxial mesoderm
generated from the middle streak. Yet, in the amn mutant,
Twist and Mox-1 expression is not observed in these regions
of embryonic mesoderm, even in embryos that have
reached the LB stage, as assessed by the degree of develop-
ment of extraembryonic and node derived structures. Inter-
estingly, fate-mapping experiments, in which marked
groups of cells were grafted orthotopically, indicate that
epiblast cells are continually being recruited into the proxi-
mal and distal streak regions of normal embryos, even after
the middle streak is generated (Beddington, 1982; Tam and
Beddington, 1987, 1992; Tam, 1989). Thus, the continued
development of proximal and distal streak derivatives, in
the absence of middle streak derivatives, argues against a
general lack of primitive streak precursors in the amn
mutant. Furthermore, since proximal and distal streak
derivatives are able to proliferate independently of the
activity of the middle streak, the amn gene product is
unlikely to be a general cell survival and/or proliferation
factor.
Second, the marker gene expression studies on LB amn
mutants revealed that the embryonic ectoderm adjacent to
the primitive streak is developmentally delayed compared
to the rest of the embryo. This was shown by the appropri-
ate initiation but inappropriate down-regulation of nodal,
Otx2, and sox-2 transcription on the posterior side of the
mutant embryo. These defects are consistent with the
absence of specific signals required to advance the embry-
onic ectoderm to assemble the middle streak. Interestingly,
the presence of well-developed headfolds in E10.5 amn
mutants indicates that cells remaining in the epiblast after
primitive streak extension are able to proliferate and differ-
entiate into neural tissue. Fate-mapping studies have dem-
onstrated that the region of the epiblast containing precur-
sors to neuroectoderm partially overlaps the region of the
epiblast destined to give rise to the middle streak. Thus, the
finding that this neuroectoderm domain exists in the amn
mutant raises the possibility that epiblast cells with the
potential to enter the primitive streak are present, but that
they are then either selectively removed or, in the absence
of a signal directing middle streak formation, preferentially
allocated to neuroectoderm.
Third, the presence of functional definitive endoderm and
of heart development, independent of trunk development,
also argues for a specific middle streak defect in the amn
mutant. The heart, which is formed from the most proxi-
moanterior embryonic mesoderm, is a dominant structure
in the E10.5 amn mutant, with myocardium and endocar-
dium and the ability to beat. Recent studies of Tam and his
colleagues (1997), using heterotopic and orthotopic trans-
plantations in the gastrulating mouse embryo, revealed that
the critical steps for specifying cardiac mesoderm occur
after precursor cells reach the heart field in the anterior–
proximal region of the embryo. For example, when placed in
the anterior–proximal region of a late-streak embryo, ante-
rior and posterior embryonic ectoderm cells could differen-
tiate into cardiac mesoderm, even though the transplanted
cells had not ingressed through the streak or migrated as
mesoderm. One explanation for this finding, which is
experimentally consistent with studies in the chick and
Xenopus (Schultheiss et al., 1995; Fishman and Chien,
1997), is that node-generated definitive endoderm in the
anterior–proximal region of the mouse embryo plays a
primary inductive role in specifying cardiac mesoderm.
Consequently, the presence of a heart in the amn mutant is
consistent with normal distal-streak functions in the ab-
sence of a middle streak.
The amn Gene Product Plays a Novel Role in
Visceral Endoderm
The fate map reveals that the middle streak region is
assembled from cells located in the lateral areas of the
embryonic ectoderm in the prestreak to ES-stage embryo
(Lawson et al., 1991). Key questions regarding the assembly
of the middle streak concern the nature of the signals that
direct these lateral ectoderm cells to proliferate and move
into the middle streak, and the identity of the tissue layers
that provide these signals. The phenotype of the amn
mutant argues that the amn gene product may be a compo-
nent of the signaling pathway directing middle streak
formation. Such a working model would then predict that
the amn mutant is deficient in the delivery, reception, or
interpretation of this signal. In an attempt to determine
whether amn2/2 embryos are unable to deliver or receive
such a signal, we constructed chimeras where the epiblast
and its derivatives are derived from wt ES cells and the
extraembryonic ectoderm and visceral endoderm are from
mutant blastocysts. The results argue that the assembly of
the middle streak requires amn gene functions in the
visceral endoderm. We favor visceral endoderm over ex-
traembryonic ectoderm as the site of action for the amn
gene, as the visceral endoderm is the tissue layer of the egg
cylinder that is in direct contact with the lateral ectoderm
precursors of the middle streak during the pre- to early
streak stages of gastrulation. In addition, extraembryonic
ectoderm-derived structures develop normally in the amn
mutant. The finding that amn gene functions are required
in the visceral endoderm does not preclude a role for the
gene simultaneously in the epiblast for middle streak gen-
eration or in other, later aspects of postimplantation devel-
opment.
Previous work from our laboratory identified Traf3 as a
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FIG. 10. Summary of RNA marker analysis and model for the defects of the amn mutation. (A) Schematic diagram of a wt LB-stage embryo
showing the primitive streak and its different mesodermal derivatives and the distribution of marker gene transcripts. The embryo is
flattened out and viewed from the dorsal side. By this stage, mesoderm completely surrounds the embryonic ectoderm. Mesoderm from the
proximal streak moves proximally and laterally to form extraembryonic mesoderm (marked by flk-1) and germ cells. Mesoderm from the
middle streak generates paraxial and lateral mesoderm (marked by Twist and Mox-1). The node, which forms just anterior to the distal
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candidate for the amn gene (Wang et al., 1996). However,
more recent studies have largely excluded Traf3 as the
mutated gene responsible for the amn phenotype. First, this
gene is not physically disrupted by the transgene insertion
and we have shown by more sensitive in situ hybridization
and RT–PCR assays that Traf3 expression is significantly
down regulated, but not eliminated in the amn mutant
(data not shown). Thus amn is not a Traf3-null mutation.
Second, and more importantly, a targeted disruption of the
Traf3 gene does not recapitulate the gastrulation-stage
defects of the amn mutant. The TRAF3-deficient offspring
die postnatally, about 1 week after birth (Xu et al., 1996).
It has long been thought that the visceral endoderm
serves one primary function in the gastrulating embryo and
that is to supply a nutritional growth environment. Genetic
evidence comes from studies on HNF-4 (Chen et al., 1994)
and Hb58 (Radice et al., 1991; Lee et al., 1992), two genes
that are highly expressed in visceral endoderm and that are
required for the normal completion of gastrulation. HNF-4
is believed to support the growth of the gastrulating embryo
by promoting the expression of serum factors (Duncan et
al., 1997) and Hb58, possibly by aiding protein trafficking/
secretion (Bachawat et al., 1994). Knockouts of both genes
do not lead to specific differentiation defects or the absence
of particular structures; rather, growth of the whole embryo
is slowed down. At E8.5, the extraembryonic as well as the
embryonic region is poorly developed in HNF-42/2 embryos
(Chen et al., 1994); at E9–10, before death and resorption,
Hb582/2 embryos display all tissues and structures found
in a normal E8.5 embryo (Radice et al., 1991). In contrast,
only a portion of the gastrulating embryo is severely im-
paired in the amn mutant. Proximal and distal streak
derivatives generally appear at an appropriate gestational
age and the extraembryonic region is very robust. Middle
streak derivatives are uniquely lacking. Thus, the pheno-
type of the amn mutant argues that the disrupted amn gene
is more likely to be involved in the generation of a specific
proliferation and/or differentiation signal than in the supply
of general growth factors.
Among the recent exciting advances in early mouse
development is the recognition that the visceral endoderm
plays at least two additional roles (Beddington and Robert-
son, 1998): (1) in the initial specification of the anterior–
posterior axis, and (2) in anterior patterning. In situ hy-
bridization and immunohistochemistry analyses have iden-
tified a number of markers, including the homeobox-
containing gene Hex (Thomas et al., 1998), the signaling
molecule cerberus-like (cer-1) (Thomas and Beddington,
1996; Bouwmeester et al., 1996; Belo et al., 1998), and the
antigen VE-1 (Rosenquist and Martin, 1995), that are asym-
metrically expressed in anterior visceral endoderm (AVE) at
least 12 h before the appearance of the primitive streak.
Thus, the anterior–posterior polarity of the embryo is
molecularly manifested in the visceral endoderm prior to
the onset of gastrulation. Significantly, loss of this early
molecular asymmetry in the visceral endoderm of Smad
22/2 embryos is associated with the subsequent absence of
anterior–posterior polarity in the embryonic ectoderm
(Waldrip et al., 1998). Furthermore, the establishment of an
anterior–posterior axis in both visceral endoderm and em-
bryonic ectoderm requires Smad2 signaling in extraembry-
onic tissues (Waldrip et al., 1998). Evidence for a require-
ment of visceral endoderm in anterior patterning comes
from studies on Otx2, Lim1, and Gata4. Otx2 and Lim1 are
expressed in visceral endoderm and gene-targeting studies
have shown that they are essential for normal development
of the rostral regions of the brain (Ang et al., 1994; Acam-
pora et al., 1995; Shawlot and Behringer, 1995). More
compelling, however, are chimera analyses, which have
unequivocally shown that visceral endoderm expression of
Otx2 as well as that of nodal is required for patterning the
most anterior regions of the CNS (Varlet et al., 1997; Rhinn
et al., 1998). Similarly, gene-targeting and chimera studies
have demonstrated that Gata4 expression in the visceral
endoderm is obligatory for normal development of the
heart, the most anterior structure generated during gastru-
lation (Kuo et al., 1997; Molkentin et al., 1997; Narita et al.,
1997).
These two patterning functions of the visceral endoderm
appear not to be perturbed in the amn mutant. amn mutant
embryos display a normal asymmetric pattern of expression
of Hex, Hesx1, and cer-1 in the gastrulating embryo (data
not shown), findings consistent with appropriate anterior–
posterior patterning and normal primitive streak formation.
The amn mutant also displays normal expression of Otx2,
Lim1 (data not shown), and nodal in visceral endoderm,
consistent with later anterior development at E10.5. The
appearance of appropriately patterned headfolds in the
streak, generates axial mesoderm as well as definitive endoderm. The primitive streak and mesoderm markers shown here are expressed
normally in mutant LB embryos with the exception of Mox-1, twist, and flk-1. Transcripts for Mox-1 and twist, markers for paraxial and
lateral mesoderm, are not expressed in the mutant (see text for a detailed explanation of twist). Instead, all of the nonaxial mesoderm that
surrounds the epiblast expresses flk-1, which is normally expressed in only proximolateral and extraembryonic mesoderm. Thus, mutants
appear to have proximal and distal streak derivatives, but to lack middle streak derivatives. All markers listed were examined on mutants
on both the B6 and (B6 3 129) backgrounds with the exception of gsc, which was done only on mutants on the B6 background. (B–D) Fate
maps of the epiblast in the embryonic portion of wt embryos at the ES (B) and LS (C) stages and of the amn mutant at the LS (D) stage
illustrating a model for the amn mutant phenotype. At the ES stage in both normal and mutant embryos, the proximal and distal streak
regions are already specified (B). However, in the amn mutant, as the distal streak separates from the proximal streak and moves toward
the distal tip of the embryo, the middle region of the streak, which generates paraxial and lateral mesoderm (C), either is not assembled or
is greatly delayed in its formation (D).
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E10.5 mutant is further supported by the expression of the
telencephalon marker, BF-1 (Tao and Lai, 1992; Hatini et
al., 1994) in the head region (data not shown). Thus, our
results indicate that the visceral endoderm plays a fourth
role, that of generating and/or specifying the precursors to
the middle streak.
In conclusion, the absence of amn gene functions in
visceral endoderm does not appear to result in a global
retardation of growth and development; nor does it appear
to affect initial anterior–posterior specification or later
anterior patterning. Rather, it appears to genetically dissect
a step in the pathway to assembling a fully functional
primitive streak. Identification of the gene responsible for
this defect will ultimately elucidate the pathway for middle
streak formation.
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